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The decays BY — Dg*HDg"F are reconstructed in a data sample corresponding to an integrated
luminosity of 6.8 fb~! collected by the CDF II detector at the Tevatron pp collider. We measure
the BY production rate times B? — DT p- branching ratios relative to the normalization
mode B’ — DID™ to be 0.183 & 0.021 £ 0.017 for B — DI D, 0.424 £ 0.046 + 0.035 for
BY — D*DF, 0.654+0.072 £ 0.065 for BY — DT D?~, and 1.261 +0.095 + 0.112 for the inclusive
decay B? — Dg*HDg*)*, where the uncertainties are statistical and systematic. These results are
the most precise single measurements to date and provide important constraints for indirect searches
for non-standard model physics in BY mixing.



I. INTRODUCTION

A BY meson can oscillate into its antiparticle via second order weak interaction transitions, which make its time
evolution sensitive to contributions from new physics processes. Such contributions are not well constrained yet
and might be responsible for the deviation from the standard model reported in Ref. [1]. The B? eigenstates with
defined mass and lifetime, BY, and BY;, are linear combinations of the B? and B? states and, in the standard model,
correspond in good approximation to the even and odd CP eigenstates, respectively. In the absence of substantial CP
violation, a sizable decay width difference between the light and heavy mass eigenstates, Al'y = I's;, — s, arises from
the fact that decays to final states of definite C'P are only accessible by one of the mass eigenstates. The dominant
contribution to Al'y is believed to come from the BY — Dg*HDg*)* decays [2], which are predominantly CP-even
and saturate AT’y under certain theoretical assumptions [3, 4], resulting in the relation

0, ptpW-y N Bls
2B(B; — D' TD ) = Tt AT (1)
where I'y = (I'sz. + T'si)/2 [5]. However, three-body modes may provide a significant contribution to AT’y [6].

A finite value of AT’y improves the experimental sensitivity to CP violation because it allows one to distinguish the
two mass eigenstates via their decay time distribution. Furthermore, the B? — Dg*HDg*)* decays could be used in
future to measure directly the lifetime of the CP-even eigenstate, which would complement the CP-odd eigenstate
lifetime measurement in BY — .J /1 f5(980) decays [7] and provide additional information in the search for new physics
contributions to CP violation in the B? system.

The BY — Dg*HDg*)* decay modes have been previously studied by the ALEPH, CDF, D0, and Belle collabora-
tions [8-11]. The current world average branching ratios [12], which do not yet include the latest preliminary Belle re-
sults [13], are B(BY — D D7) = (1.047030) %, B(B? — D**DF) = (2.84+1.0) %, B(B? — D:*D:~) = (3.1+£1.4) %,
and B(BY —» DD ™) = (45 +1.4)%.

In a data sample corresponding to an integrated luminosity of 6.8 fb~! recorded by the CDF II detector at the
Tevatron pp collider we reconstruct BY — Dg*HDg*)_ decays with DY — K+TK~nt. For the first time in this
channel, the acceptance is calculated using a D;t Dalitz model instead of a simple two-body decay model. The photon
and the neutral pion from the Dt — D}~ and DT — D70 decays are not reconstructed because of their low
detection efficiency. In a simultaneous fit to the reconstructed B(OS) meson invariant mass spectra we measure the B?

production rate times Bg — Dg*HDg*)* branching ratios relative to the normalization mode BY — DjD_
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for X = D¥ D7, D:*DF, D:*D?~, and the inclusive DYDY where fs/ fa is the relative rate of produced B? to
B° mesons.

II. CDF II DETECTOR

The components of the CDF II detector [14] most relevant for this analysis are the tracking systems located inside
a solenoid that provides a 1.4 T magnetic field. Charged particles’ trajectories (tracks) are reconstructed in layers of
silicon-strip sensors located between radii of 1.5 cm and 28 cm from the beam line and an open-cell drift chamber
(COT) with a radial extension from 40 to 137 cm. Tracks with a pseudorapidity |n| < 1.0 pass the full radial extent of
the COT. Kaons and pions are statistically identified by measurements of the ionization energy loss in the COT and
information from the time-of-flight system located between the COT and the solenoid. The events for this analysis are
selected online by identifying pairs of tracks detected in the COT and the silicon detector [15]. Minimal requirements
on the momenta and the displacement of the tracks and the reconstructed decay vertex from the primary vertex are
imposed.

III. RECONSTRUCTION AND SELECTION

We reconstruct DF — KTK -7t and Dt — K~ 7" rt decays from combinations of three tracks with appropriate
charge and mass hypothesis assignments, fitted to a common vertex. Because the D — KTK 7" decay proceeds
mainly via ¢t and K*°K*, we select candidates with 1.005 < m(KTK ™) < 1.035 GeV/c? and 0.837 < m(K 7 +) <



0.947 GeV/c?, centered on the known ¢ and K*° masses, respectively. According to the DF — KTK 7T Dalitz
structure [16] this requirement has a signal acceptance of about 75 % while covering only 14 % of the phase space
and thus increasing the signal-to-background ratio. In the following we will denote the selected K™K~ and K7+
combinations as ¢ and K*°, respectively, since the dominant contributions come from these resonances. However, we
implicitly include contributions from other resonances and interference effects when using these terms.

Pairs of DY — ¢t or Df — K*9K* candidates and D7 — ¢7~ candidates are combined to form B candidates
and fitted to a common vertex. Combinations where both charm mesons decay into a K*° mode are not considered
because of the low signal-to-background ratio. Candidate BY mesons are reconstructed from DF D~ combinations
where both DI decay modes are used.

To reject background-like events, requirements are placed on track quality variables, B meson momentum, recon-
structed D meson masses, vertex fit qualities, and vertex displacement significances. To further increase the signal
purity, two artificial neural networks are used, one for candidates with a K*9 and one for candidates without. To
minimize the systematic uncertainty of the relative selection efficiency, the same networks are applied to B? and B°
candidates, and only information from the DF that is common to both B meson decays is used. The networks are
trained on simulated signal events, described below, and on background events from the 5.45 to 6.5 GeV/c?> B mass
sideband. The input variables contain kinematic, lifetime, fit quality, and particle identification information. The B
vertex displacement significance in the transverse plane gives the largest contribution to the discrimination power of
both networks. The selection criteria on the network outputs are chosen such that they maximize the significance
eMc/V Ndata, where eyc is the BS selection efficiency determined from simulation and Ngata is the number of data
events in the BY signal window from 5.343 to 5.397 GeV/c?.

About 6% of the selected B — D (— ¢nt)D~ candidates also fulfill the B selection requirements, where the
assignment of a D~ daugther track is swapped from pion to kaon. To avoid having the same event entering the fit
multiple times, we reject each event that is reconstructed as BY candidates from the B® sample. The cross-populations
between the two B? modes and between the two B? modes, respectively, are negligible. The selected sample contains
about 750 BY signal events.

IV. SIMULATION

Simulated events are used to determine the reconstruction and selection efficiency. The B(OS) mesons are generated
according to the momentum spectrum measured in exclusive B decays and decayed to the considered final states with
the EVTGEN package [17]. For the BY meson we assign the lifetime of the B, eigenstate [12] that coincides with the
CP-even eigenstate in the standard model. For all the other long-lived charm and bottom mesons, the world average
mean lifetimes [12] are used. The BY — D** Dz~ decay is a transition of a scalar to two vector mesons and its angular
distribution is described by three polarization amplitudes. Since these amplitudes are unknown, we take the same
longitudinal polarization as measured in B — D**D*~ decays [18] and a vanishing CP-odd component as default
values. The world average value [12] is used for the ratio of D+t — Dfvy to Dt — D70 decays. The dynamics of
the decay DF — KTK~xT is simulated according to the Dalitz structure measured by CLEO [16]. The generated
events are processed by a GEANT3 based detector simulation [19] and the same reconstruction program as applied to
real data events.

V. FIT

The relative branching ratios times production rate are determined in a simultaneous extended unbinned maximum-
likelihood fit to the (¢ t)(¢pn ™), (K*OK*)(¢n7), (¢nT)(KTan~77), and (K*K+)(K*+7~7~) invariant mass distri-
butions. By simultaneously fitting all four distributions, the normalization of the B reflections in the (K*°K*)(¢r ™)
spectrum is constrained by the yields in the high-statistics (¢7)(K+ 7~ 7~) sample. The components of the fit func-
tion for each invariant mass distribution are fully and partially reconstructed signals, reflections, and background.
The fully reconstructed BY and B signals are parametrized by the sum of two Gaussians with relative normalizations
and widths derived from simulation. To account for discrepancies between data and simulation, a factor is introduced
for the BY and B signal shapes, respectively, that scales the widths of the Gaussians and that is allowed to float
in the fit. The shapes of partially reconstructed signal events and of reflections from B® — (¢nT)(KT7~7~) mis-
reconstructed as BY — (¢rT)(K**K~) are determined from simulation using empirical models. Background from
random combinations of tracks and other B decays is described by an exponential plus a constant function with all
parameters floated in the fit.

The yield of fully reconstructed B? mesons in the final state i, (p7")(K+7~7n~) or (K**K*)(K+7~77), is given



NE, = NEIB(B® — DI D™)B(Df — KK~ ")
B(DT — K77r+7r+)ef0, (3)

where Nf;: is the total number of produced B? mesons and is a free parameter in the fit, the branching ratios are
taken from Ref. [12], and the efficiency eZBO is determined from simulation. Equivalent expressions are used for the
yields of partially reconstructed B° decays with an additional branching ratio factor for the D** and D** decays. The
normalizations of reflections are calculated in the same way, but with the efficiencies replaced by the mis-reconstruction
fractions determined from simulation. The number of fully reconstructed B? mesons in the final state 4, (¢7) (7 ™)

or (K*YK*)(¢m~), where the DI decays in the same mode as the D} from the B° decay is given by

B(DF — K+K-nt) €&
B(DT > K-ntnt) B

K2

(4)

B? BY
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with fp.p. as a free parameter and eris_’i given by Eq. (3). Equivalent equations hold for partially reconstructed BY
decays.
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FIG. 1. Invariant mass distribution of BY — DT (¢n")D7 (¢77), B — DI (K*°KT)D; (¢7~), B® = D¥ (¢pn) D~ (KT~ 77),
and B — DN EK**KT)D™ (K*tn~7~) candidates with the simultancous fit projection overlaid. The broader structures stem
from decays where the photon or 7° from the Dz‘j) decay is not reconstructed. Misreconstructed B signal events show up as
reflections in the lower left plot.

Projections of the fit result are compared to the distribution of data events in Fig. 1. The statistical significance of
each signal exceeds 10 ¢ as estimated from a likelihood ratio of the fit with and without the signal component.

VI. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties on the fitted signal yields arise from the signal and background models. Because the width
scale factors of the fully reconstructed signal components are allowed to float in the fit, the systematic uncertainties
of these components are already included in the statistical errors. To estimate the systematic effect due to the fixed
shapes of the partially reconstructed signal components and reflections, we repeat the fit multiple times with shape
parameters randomly varied according to the covariance matrix of the fits of the shapes to simulated data. The mean
deviations with respect to the central values are assigned as systematic uncertainties. The systematic uncertainties
due to the background mass model are estimated from the changes in the results caused by using a second order



Source Ip.p, p:D. fDrDE [0 pen
Signal model 0.003 0.007 0.009 0.019
Background model 0.001 0.004 0.030 0.033

Detector simulation 0.001 0.003 0.010  0.005

o s +0.001 +0.002 +0.003  +0.006
B, D lifetimes —0.002 —0.004 —0.006 —0.012

Dalitz model 0.011 0.024 0.038 0.073
Helicity model 0.001 0.005 0.012  0.008
Branching fractions 0.013 0.024 0.039  0.074
Total 0.017 0.035 0.065 0.112

TABLE I. Overview of systematic uncertainties on the measured ratios of branching fractions.

polynomial instead of the sum of an exponential and a constant function. By applying the selection optimization
procedure on the normalization instead of the signal mode we verified that a possible selection bias is negligible.

Systematic effects in the relative efficiency determination can be caused by a simulation that does not describe the
data accurately. One source of systematic uncertainties is the trigger simulation, which can lead to a discrepancy in
the B meson momentum spectrum. Although this effect cancels to first order in the ratio measurement, it is accounted
for by a reweighting of the simulated events. The systematic uncertainties due to the detector simulation are estimated
by the shift of the results with respect to the case in which this reweighting is not applied. The uncertainties on
the world average BY, D*  and D7 lifetimes are propagated by varying the lifetimes in the simulation. For the BY
lifetime, we consider two cases, the 1o lower bound of the world average short-lived eigenstate lifetime and the 1o
upper bound of the mean BY? lifetime. The effects on the acceptance induced by variations of the DY — KTK 7™
Dalitz structure are considered by generating different Dalitz model scenarios, with Dalitz model parameter values
varied according to the systematic and correlated statistical uncertainties of the CLEO Dalitz fit. The uncertainties
of the D* Dalitz model have a negligible effect on the result. For B — D**D*~ decays we investigate the effects
of both a longitudinal polarization fraction f; deviating from our nominal assumption and a non-zero fraction of
the CP-odd component fop_. The fraction fr is varied in the simulation according to the uncertainty of the fr,
measurement in B® — D*TD*~ decays [18]. A variation of fop_ shows no effect on the BY — DT D*~ mass line
shape, fit quality, or measured branching fraction ratios. The effect of self cross-feed due to a wrong assignment of
kaon and pion masses is negligible.

Further systematic uncertainties arise from external input quantities. The uncertainties of intermediate and final
state branching fractions, B(Df — KTK-nT), B(Dt* — K-ntxT), and B(D** — D7Ty/x"), are propagated
in the fit by adding Gaussian constraints to the corresponding fit parameters. The resulting uncertainties of the
measured branching fraction ratios are extracted by subtracting in quadrature the statistical uncertainties of the fits
with branching fraction constrained and the one where they are fixed to the central values. When calculating the
absolute branching fractions B(B? — Dg*HDg*)_) an additional relative uncertainty of 16 % is introduced by the
measurement uncertainties of fs/fs and the branching fraction of the normalization channel B — DFfD~. The
systematic uncertainties are summarized in Table I.

VII. RESULT

As a result we obtain fp p, = 0.18340.021 £0.017, fp:p, = 0.424+0.046 +0.035, fp+p: = 0.65440.072 £ 0.065,
and [ pe = 1.261 £0.095 & 0.112, where the first uncertainties are statistical and the second systematic. Taking

B(B" — DFD~) = (7.2£0.8) x 10~* from Ref. [12] and f,/f4 = 0.269 +0.033 from Ref. [12, 20] an absolute inclusive

branching ratio of B(B? — Dg*)+D§*)_) = (3.38£0.254+0.30+£0.56) % is calculated where the third uncertainty comes
from the normalization. Assuming Eq. (1) to hold this would translate into a decay width difference contribution of

the BY — DT D™ modes of AT, /T, = (6.99 & 0.54 & 0.64 + 1.20) %.

VIII. CONCLUSION

In summary, we have measured the branching ratios of B — DD, B? — D:*DF, BY — D:* D!~ and

BY — Dg*)+D§*)7 decays relative to the normalization mode B® — D D~. Compared to previous analyses, we have
reduced the systematic uncertainties by taking into account the full D} — KK~ 7+ Dalitz structure, as opposed to
using a simple two-body D decay model. The derived absolute branching ratios of B(BY — DI D7) = (0.4940.06 +
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0.05 4 0.08) %, B(B® — D**DF) = (1.13+0.12+0.09 + 0.19) %, B(B® — D**D*~) = (1.75+0.19 +0.17 +0.29) %,

and B(BY — D{VT D7) = (3.38 +0.25 4 0.30 £ 0.56) %, where the uncertainties are statistical, systematic, and due
to the normalization, are the most precise measurements to date. The central values are lower than but consistent
with the Belle result [11] and the previous CDF result.
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